This study demonstrates that the spectral quality of radiation sources applied with ultraviolet-B (UV-B; background radiation) affects the suppression of cucumber powdery mildew (Podosphaera xanthii) by UV-B. Suppression provided by daily UV-B exposure of 1 W/m 2 for 10 min was greatest in the presence of red light or by a complete lack of background light, and powdery mildew suppression was least in the presence of ultraviolet-A (UV-A) or blue radiation compared with plants exposed only to 16 h of daily natural light supplemented with high-pressure sodium lamps that supply broad-spectrum radiation with peaks in the yellow-orange region. Exposure of powdery mildew-inoculated plants to supplemental red light without UV-B, beginning at the end of the daylight period, also reduced disease severity; however, supplemental blue light applied in the same fashion had no effect. Daily application of UV-B at 1 W/m 2 beginning on the day of inoculation significantly reduced the severity of powdery mildew to 15% compared with 100% severity on control plants. Maximum suppression of powdery mildew was observed following 15 min of exposure to UV-B (1.1% severity compared with 100% severity on control plants) but exposure time had to be limited to 5 to 10 min to reduce phytotoxicity. There was no additional disease suppression when plants were exposed to UV-B beginning 2 days prior to inoculation compared with plants exposed to UV-B beginning on the day of inoculation. UV-B inhibited germination, infection, colony expansion, and sporulation of P. xanthii. The results suggest that efficacy of UV-B treatments, alone or in combination with red light, against P. xanthii can be enhanced by exposure of inoculated plants to these wavelengths of radiation during the night, thereby circumventing the counteracting effects of blue light and UV-A radiation. The effect of UV-B on powdery mildew seemed to be directly upon the pathogen, rather than induced resistance of the host. Night exposure of plants to 5 to 10 min of UV-B at 1 W/m 2 and inexpensive, spectral-specific, light-emitting diodes may provide additional tools to suppress powdery mildews of diverse greenhouse crops.
Powdery mildew can be a devastating disease wherever cucumber (Cucumis sativus) and other cucurbit hosts are grown, and can be caused by three different fungi: Podosphaera xanthii, Golovinomyces cichoracearum, and Leveillula taurica (4) . P. xanthii is the most widespread of the three and is consistently problematic, particularly in greenhouse cucumber production (38) . Despite the development and use of cucumber cultivars displaying a range of resistance to this pathogen group, and intensive use of fungicides in most greenhouse cucurbit production systems, powdery mildews continue to present significant challenges to sustainable production (52) . The inherent genetic variability and high reproductive potential of powdery mildews creates both a system that requires intensive fungicide use and a propensity for development of resistance within the pathogen population (28, 31, 51) . Many powdery mildew fungi, particularly P. xanthii, have developed resistance to at least six fungicide groups: benzimidazoles, demethylation inhibitors, morpholines, hydroxypyrimidines, phosphorothiolates, and quinine outside inhibitors (20, 32, 33) .
Light is a predominant factor in control of growth, development, and stress responses of plants. In addition to being a source of energy, light is an important regulator of the interaction between plants and parasites (22, 24) . Ultraviolet (UV) radiation is a shortwavelength part of electromagnetic radiation which can be divided further into UV-A, UV-B, UV-C, and vacuum UV radiation (3) . Despite numerous studies showing the effects of light and UV radiation on plant-pathogen (including powdery mildew fungi) interactions under controlled laboratory conditions (17, 37, 40, 42, 49, 50) , few studies have focused on applying this knowledge for disease management (2, 15, 23) . Reduced powdery mildew severity with increased UV-B dose was reported in grapevines when plant canopies were manipulated to increase light penetration (2) . Exposure of grapevines to UV-C radiation also reduced severity of powdery mildew (15) but caused phytotoxicity at doses only slightly greater than those required to suppress disease (D. M. Gadoury, unpublished data). Significant reduction in powdery mildew severity also has been reported in strawberry plants exposed to supplemental UV-B radiation (23) . In contrast, powdery mildew on oak (Quercus robur) saplings caused by Microsphaera alphitoides was more abundant under supplemental UV radiation that supplied both UV-A and UV-B compared with ambient radiation only (36) . Recent studies reported methods by which the spectral quality, intensity, and timing of light can be manipulated to suppress powdery mildew of rose, and these studies were expanded to include other powdery mildews and UV-B radiation (45, 46, 48) . Daily exposure of inoculated plants to UV-B radiation for 5 min at 1.2 W/m 2 during the night significantly reduced powdery mildew severity on pot roses without causing phytotoxicity (45) .
Even though numerous studies have examined the impact of spectral qualities of light on plant pathogens (37, 42, 48, 49) , little is known of the impact of different spectral qualities supplied by various radiation sources on the efficacy of UV-B radiation for plant disease control. To optimize the efficacy of UV-B radiation for disease control, it is important to understand how various wavelengths of electromagnetic radiation act together with UV-B to affect pathogen development and disease suppression. Previous studies have indicated that these interactions can be significant. For example, solar radiation that had the lowest ratio of blue/UV radiation transmitted through polyethylene films was associated with the greatest number of Botrytis cinerea infection sites in greenhouse-grown tomato compared with tomato exposed to a greater ratio of blue/UV radiation (39) . Furthermore, growth chamber experiments conducted with polyethylene films with different blue/UV radiation transmission ratios revealed a significant negative correlation between blue/UV radiation ratio and sporulation of B. cinerea (39) . In this study, the following were evaluated: (i) the use of UV-B radiation to suppress cucumber powdery mildew caused by P. xanthii and (ii) how specific qualities of background lighting can augment or reduce the suppressive effects of UV-B on this fungus. Preliminary results of portions of this work have been reported (44, 46) .
Materials and Methods
Plant production, inoculum production, and plant inoculation. Seeds of the powdery mildew-susceptible cucumber 'Confida' (Rijk Zwaan) were sown in 12-cm-diameter plastic pots containing a 3:1 mixture of standard growth medium (VEKSTTORV; Ullensaker Almenning) and perlite. The plants were grown in a greenhouse under supplemental lighting provided by high-pressure sodium (HPS) lamps (Lucalox LU400/XO/T/40; GE Lighting). HPS lamps augmented natural daylight to provide a day length of 18 h with minimum photosynthetic photon flux (400 to 700 nm) of 200 ± 20 µmol/m 2 /s at plant height ( Fig. 1) , as described previously (45) . Temperature and relative humidity (RH) in the greenhouse were regulated with a mean (and range) of 20°C (15 to 32°C) and 84% (41 to 95%), respectively. Plants were irrigated with a complete nutrient solution prepared by mixing Kristalon Indigo and YaraLiva Calcinite (1:1 [vol/vol]) (Yara International ASA), for final electrical conductivity of 1.5 mS/cm 2 . P. xanthii was isolated from diseased leaves of cucumber obtained from a commercial greenhouse in Lier, Norway, and was transferred sequentially to clean leaf disks cut from the second true leaves of healthy cucumber plants (Confida). Leaf disks were incubated for 7 to 9 days in petri dishes containing water agar at 20°C under 14 h of daily lighting supplied by mercury lamps, as described previously (47) . At 7 days following inoculation, conidial suspensions were prepared by placing the leaf disks in distilled water containing Tween 20 (Sigma-Aldrich Chemie GmbH) at 20 µl/liter and shaking the leaf disks gently to remove conidia. Each suspension was adjusted to a minimum of 8 × 10 4 conidia/ml, and was sprayed onto healthy cucumber plants at the rate of 10 ml/plant, as described previously (45) . Inoculated plants were kept in isolated growth chambers, and pathogen inoculum was renewed weekly, as described previously, to maintain fresh inoculum throughout the experiments (45) .
Effects of daily duration of UV-B exposure and exposure timing (pre-and postinoculation exposure) on powdery mildew, plant growth, and plant physiology. A factorial experiment was conducted to examine the optimal duration and timing of UV-B exposure: factor one was duration of daily UV-B exposure of 0, 5, 10, or 15 min; and factor two was the initiation of UV-B exposure, with the start of exposure to UV-B 2 days prior to inoculation, the day of inoculation, or 3 days postinoculation. At the first-trueleaf growth stage (approximately 2 weeks after sowing), 72 plants were moved to a greenhouse compartment with 16 h of daily growth light (GL) provided by solar radiation supplemented with HPS lamps which delivered 100 ± 10 µmol/m 2 /s whenever solar irradiance fell <200 W/m 2 . Plants were then divided into three groups, each of which had 24 plants. While the plants in two of the groups were under 16 h of GL, the first group of plants was exposed to the following daily UV-B treatment to understand whether UV-B induced any resistance to powdery mildew if applied prior to inoculation: (i) 16 h of GL followed by darkness, (ii) 16 h of GL followed by night exposure to UV-B (1 W/m 2 ) for 5 min, (iii) 16 h of GL followed by night exposure to UV-B (1 W/m 2 ) for 10 min, and (iv) 16 h of GL followed by night exposure to UV-B (1 W/m 2 ) for 15 min (Supplementary Figure 1) . To avoid interplot interference, the greenhouse compartment was partitioned using 1-mmthick white sheets of plastic. UV-B radiation was supplied by UV-B fluorescent tubes (Model UVB-313EL; Q-PANEL Lab Products). Two days later, plants in all three groups were inoculated by applying 10 ml of spore suspension to the first true leaf per plant as described above. Immediately after inoculation, plants in the second group were also divided into four subgroups (6 plants/subgroup) and exposed to the above-mentioned daily UV-B treatments from the day of inoculation. Plants in the first two groups were exposed to similar daily UV-B treatments as described above until disease severity was recorded 9 days after inoculation. Plants in the third group were maintained under 16-h GL conditions without any UV-B exposure for 3 days following inoculation. Then, the plants were divided into four subgroups (6 plants/subgroup) and exposed to the above-mentioned UV-B treatments for 6 days, until assessments for sporulation potential and severity of powdery mildew were done.
Conidial germination and colony development of P. xanthii were assessed 3 days after inoculation on plants in groups one and two described above. To do this, leaf disks (1.8 cm in diameter) were cut from the inoculated leaves (one leaf disk/plant, four leaf disks/treatment), soaked in 3:1 ethanol/glacial acetic acid (vol/vol) for 3 h as described previously (45), stained with 5% acid fuchsin in aqueous lactic acid (50% vol/vol), and examined with a light microscope at ×400 magnification. In all, 50 conidia/leaf disk were assessed. Conidia with germ tubes equal to or longer than the conidial width were counted as germinated. Successful stages of development were categorized as follows: (i) successful infection, wherein a conidium developed more than one primary hyphum or one branched hyphum; and (ii) successful colony development, wherein a conidium produced at least three primary hyphae, two of which had branched. The percentage of colonized leaf area (disease severity) for plants in groups one and two was estimated 9 days after inoculation by visual observation.
To examine the effect of daily UV-B treatment on sporulation potential of P. xanthii, four leaf disks, each 1.8 cm in diameter, were cut from each replicate plant in group three described above 9 days after inoculation. The leaf disks from each plant were placed in separate 50-ml centrifuge tubes (four leaf disks/replicate plant/tube) with 10 ml of sterilized distilled water containing Tween 20 (Sigma-Aldrich Chemie GmbH) at 20 µl/liter and shaken manually 20 times. The leaf disks were removed, and the number of conidia per milliliter was determined with a hemocytometer for two aliquots/replicate (HYCOR; Hycor Biomedical Inc.). Two independent experiments were conducted with six replicate plants/treatment/experiment. Concentrations of the spore suspensions were 9 × 10 3 and 5 × 10 3 conidia/ml in experiments one and two, respectively.
At the end of the experiment, relative flavonoids, maximal photosystem II efficiency (variable fluorescence [Fv] /maximum fluorescence [Fm]), and leaf area were recorded for plants in group one. Relative flavonoids (anthocyanin and flavonol) were measured for the canopy of each plant using a fluorescence excitation ratio method (10) with a handheld Multiplex 3 multi-excitation wavelength chlorophyll fluorometer (Force-A). Three repeated measurements were carried out for each plant canopy. The measurements were standardized with blue foil supplied by the manufacturer. With this standardization, the amount of anthocyanin and flavonols was estimated as the green and UV-A light absorbance relative to the standard blue foil. Fv/Fm and leaf area were measured for the second true leaves of each plant with a portable chlorophyll fluorometer (Plant Efficiency Analyzer; Hansatech Instruments), using excitation light of about 1,500 µmol photons/m 2 /s after 15-min dark adaptation. To do so, intact leaves were first adapted for 15 min in total darkness by using light-weight leaf clips with shutters supplied by the manufacturer. After dark adaptation, the sensor unit of the portable chlorophyll fluorometer was placed over the leaf clip and the shutter was slid open. Powerful illumination (1,500 µmol photons/m 2 /s) was applied to the exposed portion of the leaf by light-emitting diodes (LEDs) present in the sensor unit, and consequent fluorescence signals were detected. Leaf area was determined using an LI-3100 area meter (LI-COR Inc.).
Efficacy of UV-B against P. xanthii at a range of inoculum concentrations. Thirty-two plants, each at the first-true-leaf stage of growth, were inoculated with each of the following conidial suspensions of P. xanthii: 5 × 10 3 , 2.5 × 10 4 , 7 × 10 4 , and 1.6 × 10 5 conidia/ml of water. Immediately after inoculation, four plants receiving each inoculum concentration were exposed to either 16 h of GL or 16 h of GL + UV-B radiation of 1 W/m 2 for 10 min during the dark period, as described above. The percent leaf area colonized by powdery mildew was assessed 3, 6, 9, and 12 days after inoculation. Four noninoculated control plants were included for each light treatment (16 h of GL or 16 h of GL + UV-B) as check plants. Assessments of the inoculated plants ceased once visible symptoms were observed on the noninoculated plants as a result of inoculum spread from the inoculated plants. The experiment was conducted two times.
Effect of full-spectrum background white light on suppression of powdery mildew by UV-B. This experiment was conducted to elucidate the effect of full-spectrum background white light supplied by high-pressure mercury lamps on the efficacy of UV-B for powdery mildew control. Cucumber plants, each bearing one unfolded true leaf, were inoculated with 10 ml of a conidial suspension per leaf per plant, as described above. Immediately after inoculation, plants were exposed to one of the following treatments (eight replicate plants/treatment): (i) 16 h of GL, (ii) 16 h of GL followed by 10 min of UV-B at 1 W/m 2 beginning at the start of the night interval, (iii) 16 h of GL followed by 2 h of light supplied by high-pressure mercury lamps (70 ± 10 µmol/m 2 /s), and (iv) 16 h of GL followed by UV-B at 1 W/m 2 plus 2 h of light supplied by high-pressure mercury lamps (70 ± 10 µmol/m 2 /s) beginning at the start of the night interval (Supplementary Figure 2) . To avoid interplot interference among treatments, the greenhouse compartment was partitioned with white plastic sheets, as described above. The percent leaf area diseased was assessed 12 days after inoculation for the inoculated leaf on each plant. The experiment was conducted twice, with an inoculum concentration of 5 × 10 4 and 7 × 10 4 conidia/ml in the first and second experiments, respectively.
Effects of background spectral quality on suppression of cucumber powdery mildew by UV-B. This experiment was conducted to understand the effects of different background spectral qualities on the efficacy of UV-B in powdery mildew disease suppression. Cucumber plants, each bearing one unfolded true leaf, were inoculated with 10 ml of a conidial suspension per leaf per plant (8.4 × 10 4 conidia/ml). Immediately after inoculation, eight plants were exposed to each of the following treatments: (i) 16 Figure 3) . UV-A radiation ( Fig. 1) was supplied by 120-cm UV-A tubes (Model UVA-340; Q-PANEL Lab Products). Blue light (Fig. 1 ) was supplied by a GreenPower LED module HF (Philips). Red light (Fig. 1) was supplied by 162-W high-power LED growth lights (Sola-co). The experiment was repeated using a suspension of inoculum with a concentration of 4.3 × 10 4 conidia/ml. At 3 days after inoculation, 1.8-cm-diameter leaf disks were collected from leaves exposed to each treatment and assessed for conidial germination, infection, and colonization as described above. The percentage of leaf area diseased was also assessed at 3-day intervals from the time of inoculation until 12 days after inoculation. The area under the disease progress curve (AUDPC) was calculated as described by Campbell and Madden (9) using the following formula:
where n is the number of evaluation times, x i is disease severity (%) at the evaluation time t, and (t i -t i-1 ) is the duration between each assessment.
Effect of UV-B with specific background spectral radiation quality on viability of conidia. This experiment was conducted to elucidate whether UV-B in combination with specific background spectral qualities of radiation may kill P. xanthii conidia. Sixteen plants, each bearing a single unfolded true leaf, were inoculated with a spore suspension of P. xanthii containing 8.4 × 10 4 conidia/ml, as described above. The plants were incubated in the greenhouse for 5 days under similar temperature and RH conditions and 16 h of GL, as described above, to promote sporulation of P. xanthii. Plants were then exposed to the eight treatments used in the background radiation experiments (two plants/treatment) over four subsequent days. The inoculated leaf was then removed from each plant and shaken in 50 ml of distilled water to harvest the conidia, from which a 1-ml aliquot of the resultant suspension was added to 1 µl of 0.5% (wt/vol) of the fluorescent vital stain fluorescein diacetate (19) on a glass microscope slide. After 3 min, 100 conidia/slide were examined with a fluorescence microscope (325 to 500 nm excitation filter and transmission filter >530 nm) (35) , and the number of conidia exhibiting bright green fluorescence (indicative of viability) was recorded. The experiment was conducted once again as described above but with a spore concentration of 7 × 10 4 conidia/ml. Recording of environmental conditions. Light intensity supplied by mercury, HPS, and red and blue LED lamps at plant height was recorded with a digital Lambda LI-185B photometer (LI-COR Inc.) containing an LI-190 quantum sensor. Spectral qualities of all lamps used in the study were confirmed using an Optronic model 756 spectroradiometer (Optronic Laboratories). Intensity of UV-B irradiance was measured using a SKYE SKU430 sensor (Skye Instruments Ltd.) calibrated for the UV-B sources by an Optronic model 756 spectroradiometer (Optronic Laboratories). The intensity of UV-A was measured with a SKYE SKU426/SS2 38582 sensor (Skye Instruments Ltd.). Air temperature and RH were recorded at 5-min intervals using a Priva greenhouse computer (Priva), with dry and wet bulb thermosensors deployed at the height of the plant canopy. 
compared using Tukey's pairwise comparison test at P = 0.05. Mean comparisons were performed separately for each experimental repeat when the experimental repeat-treatment interaction was significant. Regression analyses were performed using SigmaPlot 10 (Systat Software, Inc.).
Results
Daily duration of UV-B exposure and exposure timing on pathogen development. UV-B light treatment had a significant effect on conidial germination, infection (P = 0.02), and colony development (P = 0.001) of P. xanthii. However, experimental repeat, the initiation time of the UV-B treatment, and the interaction between UV-B treatment and the initiation time of the UV-B treatment did not affect pathogen development significantly. The reduction in infections by P. xanthii under UV-B treatments of 5-, 10-, and 15-min durations was 43.3, 70.0, and 76.8%, respectively, compared with the 16-h GL control treatment ( Table 1 ). The percentage of powdery mildew colonies declined from 53.0 ± 3.2% under 16 h of GL to <2% for all UV-B treatments (P < 0.0001). The magnitude of the UV-B treatment effect increased significantly (P < 0.0001) at each sequentially later stage of pathogen development (i.e., from germination to infection to colony development; Table 1 ).
Effect of daily duration of UV-B exposure and exposure timing on powdery mildew severity. The UV-B treatment (P = 0.001), timing of the initial UV-B treatment (preinoculation, day of inoculation, and postinoculation exposure; P < 0.0001), and the interaction of these main effects (P = 0.0001) all had significant effects on powdery mildew severity. Powdery mildew severity exceeded 80% on plants exposed only to 16 h of GL (Fig. 2) . When UV-B was applied starting 2 days before or from the day of inoculation, disease severity declined significantly (P < 0.001) as UV-B duration increased from 5 to 10 min (Fig. 2) but there was no further decline when the UV-B exposure duration was increased from 10 to 15 min (Fig. 2) . However, exposure of plants to UV-B starting 2 days before inoculation had no additional effect at suppressing disease than when plants were exposed to the same duration of UV-B starting from the day of inoculation (Fig. 2) . When UV-B exposure was not started until 3 days after inoculation, there were sequential decreases in disease severity with each increase in duration of exposure to UV-B (Fig. 2) . Regardless of the duration of exposure to UV-B, exposure of plants to UV-B starting 2 days prior to or from the day of inoculation was significantly more effective at suppressing disease severity than exposure of plants to UV-B 3 days after inoculation ( Fig. 2 ; P < 0.0001). Sporulation of P. xanthii colonies on plants exposed to UV-B at 1 W/m 2 3 days after inoculation decreased exponentially with increasing duration of UV-B exposure ( Fig. 3A ; P < 0.0001).
Effect of daily duration of UV-B exposure and exposure timing on plant growth. Leaf area did not decrease significantly when plants were exposed to 5 min of UV-B at 1 W/m 2 compared with the 16-h GL control treatment but decreased significantly after 10 (P = 0.0001) or 15 min (P < 0.0001) of exposure to UV-B (Fig. 3B) . A quadratic model fit the data best: Y = 537.8 + 1.8X -1.1X 2 , where Y = leaf area of the second true leaf (square centimeters) and X = the duration of exposure to UV-B at an intensity of 1 W/m 2 ( Fig. 3B ). Relative concentration of flavonols was reduced by all UV-B treatments compared with 16 h of GL, with the greatest reduction in flavonol concentration observed with the longest duration of UV-B exposure (Table 2 ). Relative concentrations of anthocyanins were reduced by all UV-B treatments compared with the 16-h GL treatment. Photosystem II efficiency (Fv/Fm) was reduced significantly by 15 min of UV-B exposure compared with shorter exposure or no UV-B exposure (Table 2 ; P < 0.001).
Efficacy of UV-B at a range of P. xanthii inoculum concentrations. Powdery mildew severity increased exponentially as inoculum dose increased on plants exposed only to 16 h of GL, 1 -e(-0.06 X) ], where Y = percentage leaf area diseased and X = inoculum concentration (Fig. 4) . In contrast, disease severity increased only slightly, from 0.6 to 7.5% across the range of inoculum concentrations tested (5 × 10 3 to 1.6 × 10 5 /ml), when plants were exposed to 16 h of GL followed by 10 min of UV-B at 1 W/m 2 during the dark interval (Fig.  4) . Although the increase in disease severity with increasing inoculum concentration was reduced by exposure of plants to UV-B, there was still a significant linear increase in disease severity: Y = 0.22 + 0.05X at R 2 = 0.99 (Fig. 4) . Effect of full-spectrum background white light on suppression of powdery mildew by UV-B. Powdery mildew severity was significantly affected by light treatment (P < 0.0001) and experiment repeat (P = 0.047) but not by the interaction of light treatment-experiment repeat. Therefore, the results are presented separately for each repeat of the experiment (Fig. 5) . Mean powdery mildew severity was reduced significantly (to 0.57%) when inoculated cucumber plants were exposed to 16 h of GL followed by UV-B, relative to inoculated plants only exposed to 16 h of GL (100% severity) (P < 0.0001; Fig. 5 , treatments 2 and 1, respectively). Disease severity was reduced significantly (to 22.5%) when UV-B exposure occurred during a 2-h period of lighting supplied by high-pressure mercury lamps compared with the 16-h GL control treatment (100% severity) (P < 0.0001; Fig. 5, treatments 4 and 1, respectively). Disease severity was 76.2% on plants exposed to 16 h of GL followed by 2 h of light supplied by high-pressure mercury lamps (treatment 3) compared with the 16-h GL control treatment (P < 0.001; Fig. 5 ). Experimental repeat had a significant effect on severity because significantly greater disease occurred in experiment 2 compared with experiment 1 (P < 0.00001).
Effects of specific background spectral quality on suppression of powdery mildew by UV-B. Germination of P. xanthii conidia on inoculated cucumber plants was significantly affected by light treatment (P < 0.00001) and experiment repeat (P = 0.033), whereas the experiment repeat-treatment interaction was not significant. Numbers of germinated conidia was significantly greater in experiment 2 compared with experiment 1. Inoculated cucumber plants exposed to 16 h of GL + UV-B + red light had significantly fewer germinated conidia compared with 16 h of GL (Fig. 6A, treatment 8 and 1, respectively) . Number of conidia germinated under 16 h of GL was 34.8 in experiment 1 and 37.5 in experiment 2 (Fig. 6A, treatment 1 ). These were significantly reduced to 19.5 in experiment 1 (P = 0.0058) and 21.5 in experiment 2 (P = 0.0073) with 16 h of GL + UV-B + red light (Fig. 6A, treatment 8) . Percentage of leaf area covered by powdery mildew was assessed 9 days after inoculation. Bars represent mean ± standard error of disease severity for six replicates. Different letters indicate significant differences at P = 0.05. Fig. 3 . Relationship between increasing duration of ultraviolet-B (UV-B) treatment and A, spore production by Podosphaera xanthii and B, leaf area of the second true leaves of 'Confida' cucumber. For the spore production experiment, inoculated plants were maintained at 16 h of growth light (GL) for the first 3 days and then exposed to either 16 h of GL (0 min UV-B), 16 h of GL + 5 min of UV-B, 16 h of GL + 10 min of UV-B, or 16 h of GL + 15 min of UV-B treatments for six days. Number of spore per milliliter was determined for two aliquots/replicate plant. Leaf area measurements were done for plants exposed daily to UV-B treatments for 11 days from the start of experiment. Each value is the mean ± standard error of two independent experiments with six replicate plants for both sporulation (n = 24) and leaf area assessments (n = 12). Regression equations: Y = number of spores/ml (×10 3 ) in A and leaf area of the second true leaf (square centimeters) in B, and X = duration of UV-B exposure (minutes).
The number of infections caused by P. xanthii on inoculated cucumber plants was significantly influenced by light treatment (P < 0.0001). Number of P. xanthii infections on inoculated cucumber plants was significantly reduced with 16 h of GL + UV-B + red light compared with 16 h of GL in both experiments (Fig. 6B,  treatments 8 and 1, respectively) . The number of infections on cucumber plants with 16 h of GL was 32.0 in experiment 1 and 32.3 in experiment 2. These were reduced to 9.5 in experiment 1 (P = 0.0002) and 10.3 in experiment 2 (P = 0.0005) with treatment 8. Number of P. xanthii infections was reduced with 16 h of GL + UV-B (treatment 2) only in experiment 2. The number of infections was 32.3 with treatment 1 and was reduced to 14.5 with treatment 2 (P = 0.03; Fig. 6B, experiment 2) .
Number of P. xanthii colonies was significantly affected by light treatment (P < 0.0001) and experiment repeat-treatment interaction (P < 0.0001). All treatments with UV-B (treatments 2, 4, 6, and 8) and 16 h of GL + red light (treatment 7) significantly reduced the number of P. xanthii colonies independent of experimental repeat. The number of colonies on cucumber plants exposed to the 16-h GL treatment was 28.3 in experiment 1, and none of the conidia developed colonies within 3 days for all treatments that included UV-B (P < 0.0001; Fig. 6C, experiment 1) . The number of colonies was reduced to 8.8 in experiment 1 (P = 0.0002) with treatment 7 (Fig. 6C) .
The number of colonies on cucumber plants exposed to the 16-h GL treatment was 30.0 in experiment 2, and none of the conidia developed colonies within 3 days for cucumber plants subjected to treatments 2 and 8 (P < 0.0001). The number of colonies on cucumber plants exposed to 16 h of GL + UV-B + UV-A (treatment 4) was 3.8 (P < 0.0001), was 6.5 (P < 0.0001) on cucumber plants exposed to 16 h of GL + UV-B + blue light (treatment 6), and was 13.0 (P = 0.019) on plants subjected to 16 h of GL + red light (treatment 7) (Fig. 6C, experiment 2) .
Experimental repeat (P < 0.0001), light treatment (P < 0.0001), and experiment repeat-treatment interaction (P = 0.005) all significantly influenced AUDPC values. AUDPC for plants in experiment 1 was greater than in experiment 2. Independent of experiment repeat, AUDPC was significantly reduced by all treatments that included UV-B (Fig. 7 , treatments 2, 4, 6, and 8) and treatment 7 (16 h of GL + red light). In experiment 1, AUDPC was 555.0 with 16 h of GL (treatment 1) and was reduced to 38.3 by treatment 2, 149.3 by treatment 4, 209.3 by treatment 6, 6.9 by treatment 8, and 338.8 by treatment 7 (P < 0.0001). In experiment 2, AUDPC was 473.8 on plants exposed to 16 h of GL (treatment 1) and was reduced to 19.1 by treatment 2, 109.7 by treatment 4, 140.6 by treatment 6, 6.0 by treatment 8, and 235.7 by treatment 7 (P < 0.0001). AUDPC (384.9) was significantly reduced by treatment 5 with 16 h Fig. 4 . Relationship between increasing inoculum concentration and severity of powdery mildew on cucumber caused by Podosphaera xanthii 12 days after inoculation. Plants were inoculated by spraying 10 ml of a spore suspension at four different inoculum concentrations (from 5 × 10 3 to 1.6 × 10 5 conidia/ml), and were then exposed to treatments of either 16 h of growth light (GL) or 16 h of GL + 10 min of ultraviolet-B (UV-B) at 1 W/m 2 . Each value is the mean ± standard error of two independent experiments, with four replicate plants in each (n = 8). Regression equations with Y = percentage leaf area diseased and X = inoculum concentration/ml (×10 3 ). of GL + blue light (P = 0.034) compared with treatment 1 with 16 h of GL, but only in experiment 2. Viability of the conidia produced under different UV/light treatments was not affected by any of the treatments (data not shown).
Discussion
Previous reports have shown that development of powdery mildews can be affected by day length, light quality, and UV-B radiation (45, (47) (48) (49) (50) . In this study, the impact of UV-B radiation on severity of cucumber powdery mildew was explored. UV-B radiation inhibited development of P. xanthii in a dose-dependent manner. Notably, brief exposure to UV-B radiation (1 W/m 2 for 5 min) during the night greatly enhanced the impact of UV-B on pathogen establishment and growth, and enabled the use of a reduced dose of UV-B with the same degree of efficacy compared with UV-B exposure during the day time. The ability to use a reduced dose of UV-B during the night obviates one of the principle limitations of the use of UV radiation to control powdery mildews: UV doses that are lethal to the pathogen are often phytotoxic to the host plant (15) . This study also demonstrated that red light can enhance the deleterious effects of UV-B on P. xanthii, further reducing the dose of UV-B required to achieve a given degree of suppression.
Powdery mildew fungi occupy a unique ecological niche. With the exception of the intracellular haustoria, most members of the group (except those of the tribe Phyllactinieae) are wholly external to the host (16) . Despite their lack of protective pigmentation in all cells except those of the outer ascocarp wall, powdery mildew fungi persist in an environment that maximizes direct exposure to UV radiation (14) . Although generally favored by shading, the results indicate that specific wavelengths, notably UV-A and blue light, are involved in the ability of P. xanthii to withstand exposure to UV-B, possibly through the regulation of pathways involved in repair of DNA damaged by exposure to UV-B (13). UV-B has been shown to have deleterious effects on membrane proteins, DNA, photosystem II, enzyme synthesis, and production of growth regulators, and also acts indirectly upon cells through the formation of reactive oxygen species (6, 7, 11, 12, 30) . Absorption of UV-B photons by DNA bases has been shown to induce two major products indicative of damage to DNA: cyclobutane-pyrimidine dimers and pyrimidine-pyrimidine dimers (13, 25) . The dimers block the action of DNA polymerase and thereby prevent genome replication (21, 43) . Photoreactivation or photorepair reverses cyclobutane pyrimidine dimers into the intact monomer bases, and is catalyzed by a light-dependent photolyase enzymatic process (13) .
The intensity and composition of photosynthetic active radiation (PAR), particularly wavelengths containing the blue to UV-A range (5, 8, 41) , significantly impact photorepair of DNA damaged by UV-B. Ambient PAR of 1,000 to 1,600 µmol/m 2 /s ameliorated the effects of UV-B radiation levels as great as 18 kJ/m 2 /day (1). Photolysis involved in DNA repair proceeded during exposure to white light (5) but activity was attributed to a wavelength centered on 400 nm in cucumber and sorghum (18) . In this study, reduced efficiency of UV-B against powdery mildew under UV-A or blue background radiation was observed compared with the degree of suppression observed when UV-B exposure took place during the night. Considering all of the foregoing, it seems reasonable in this study that UV-B radiation damaged the DNA of P. xanthii, that blue and UV-A radiation were involved in DNA repair, and that red light exacerbated damage to DNA. Recently, the expression of genes similar to phytochrome, cryptochrome, white collar, and photolyase (light-dependent DNA repair) was confirmed using next-generation sequencing in Erysiphe necator (46) . From a practical point of view, the exact mechanism involved is largely irrelevant to application of the findings. Brief exposure of cucumber plants to UV-B radiation during the night, especially when applied with red light, greatly enhanced suppression of P. xanthii.
Previous studies have focused upon the stimulation of plant defense mechanisms by UV radiation (e.g., induced resistance in plants has been attributed to elevated flavonoid content of tissues) (29, 34) . Exposure of strawberry plants to 10 kJ/m 2 /day induced expression of a putative defense gene coding for production of chitinase (23) . The putative defense compound β-1,3-glucanase Leaf disks (1.8 cm in diameter) were cut 3 days after exposure of plants to the appropriate treatment, treated with ethanol/glacial acetic acid (3:1) for 3 h, and stained with lactofuchsin. Fifty conidia were assessed for germination, infection, and development of powdery mildew colonies. Each value is the mean ± standard error of four replicate plants. Different letters indicate significant differences within each experiment at P = 0.05. Data (number of germinated conidia, number of infection, and 1 + number of colonies) were log-transformed prior to analysis to induce homogeneity of variances, and the back-transformed data are presented.
was induced in French bean (Phaseolus vulgaris) exposed to UV-B (21) but flavonoid biosynthesis was reduced by short-wavelength (275-nm) UV radiation exposure (26) . Preinoculation exposure of Arabidopsis thaliana to UV-C radiation resulted in reduced levels of downy mildew for up to 1 week after exposure (27) . Many, if not most, of the foregoing putative defense compounds are also associated with plant stress (35) . This is especially relevant to the growth of biotrophic plant pathogens, and powdery mildew fungi in particular (35) . These results suggest that the involvement of putative plant defense compounds in suppression of powdery mildews be interpreted cautiously, because results could be attributed as definitively to plant stress as to induced resistance to disease. For example, at the levels of UV-B radiation used in this study, the flavonoid content was reduced significantly by UV-B compared with the 16-h GL control treatment, and the greatest flavonoid levels along with the greatest disease levels were found in plants exposed to 16 h of GL. It is possible that the reduced flavonoid content of tissues exposed to UV-B reflected the relatively low and, thereby, nonphytotoxic dose employed, and the elevated flavonoid content of tissues exposed to 16 h of GL reflected stress from the severe level of infection by P. xanthii. These results indicate that the principal effects of UV-B exposure on suppression of P. xanthii are through direct damage to the pathogen. A similar direct effect of UV-B upon disease suppression without evidence of stimulated, long-lasting host defenses was reported in previous work on powdery mildew of rose (45) .
